Acute infectious spondylodiscitis (AIS) is a serious infection of the spine with rising incidence and a mortality of 3-6%. The role of the immune system in AIS is largely unknown. We performed extensive B and T-lymphocyte phenotyping in patients with AIS at diagnosis and after treatment cessation. In this prospective multicentre study, flow cytometric analysis of T and B-lymphocyte subsets was performed in 35 patients at diagnosis and 3 months after treatment cessation. We additionally analysed levels of immunoglobulins and IgG subclasses, serum level and genetic variants of mannosebinding lectin, and somatic hypermutation. A total of 22 (61%) patients had B-lymphocytes below reference limit at baseline, persisting in 7 (30%) patients at follow-up. We found a lower proportion of CD19 + CD27 + IgD+ marginal zone B-lymphocytes and a higher proportion of γδ+ T-lymphocyte receptors compared with controls at both time points. Immunoglobulin levels were elevated at baseline compared to follow-up, and not associated with absolute B-lymphocyte count. In conclusion, a large proportion of AIS patients presented with profound B-lymphocyte deficiency, only partly reversible at follow-up. Identification of immune dysfunction related to AIS may allow for future targeted therapeutic interventions to restore host immunity.
Acute infectious spondylodiscitis (AIS) is a serious infection of the spine, often requiring long term hospitalization. The reported mortality is between 3 to 6%, and up to half of patients undergo surgical intervention ranging from biopsy to stabilization of the spine [1] [2] [3] [4] [5] . The incidence of AIS varies between 4-24 cases/million/year and has been reported to be increasing as a consequence of an aging population and improved diagnostic procedures, primarily magnetic resonance imaging (MRI) [6] [7] [8] [9] . A range of risk factors have been identified, including diabetes mellitus, intravenous drug use, advanced age, iatrogen immunosuppression, malignancy, chronic renal failure, rheumatologic diseases and liver cirrhosis 3, 6, 10 . The role of the immune system in acute infectious spondylodiscitis (AIS) is largely unknown, and, to our knowledge, there are no prior studies of the immune system in patients with AIS or osteomyelitis. We hypothesized, that patients with primary AIS share common features of impaired immune function, and with this prospective multicenter study aimed to investigate major B and T-lymphocyte subpopulations, immunoglobulins, serum level and genetic variants of mannose-binding lectin and somatic hypermutation in patients with AIS at diagnosis and after treatment cessation.
cells/l).
Data from flow cytometric analysis of B-lymphocyte subsets are presented in Table 2 and Figs 1 and 2. An overview of analysed subsets is available as Supplementary Table S1 .
The proportion of B-lymphocytes was lower at baseline than the proportion in controls. At follow-up, this difference was not found (Fig. 1) . Accordingly, at follow-up, patients had a significantly higher B-lymphocyte count than at baseline. A total of 22 patients (61%) had B-lymphocytes below reference limit at baseline, and 7 patients (30%) remained below reference limit at follow-up. The proportion of B-lymphocytes was negatively associated with age (Spearman's ρ = −0.47, P = 0.005), but absolute B-lymphocyte count was not (Spearman's ρ = −0.27, P = 0.12).
Interestingly, we found a lower proportion of marginal zone B-lymphocytes in patients both at baseline and follow-up, compared to controls (Fig. 2) . The proportion of marginal zone B-lymphocytes, however, was significantly higher at follow-up than at baseline, as was the absolute level of marginal B-lymphocytes.
Patients at baseline and follow-up were comparable to controls when comparing proportion of naïve, transitional and memory B-lymphocytes, as was the ratio between isotype shifted and non-isotype shifted B-lymphocytes (Fig. 2 ). In accordance with this, comparing baseline with follow-up, we found no difference in proportion of naïve, transitional and memory B-lymphocytes. However, for these subpopulations, the absolute cell count was higher at follow-up compared to baseline (Table 2) . A higher proportion of B lymphocytes were plasmablasts in patients at baseline than in controls and although there was a trend towards normalization, this difference remained significant at follow-up (Fig. 2) . No difference in proportion of plasmablasts or in absolute cell count was found between baseline and follow-up.
We found no difference in proportion of memory B-lymphocytes between patients and controls or in patients between baseline and follow-up (Fig. 2) . In absolute cell counts, memory B-lymphocytes were higher at follow-up than at baseline. Patients had a higher proportion of IgM-only memory B-lymphocytes at baseline than at follow-up and in accordance with this the proportion was higher at baseline than in controls. In absolute cell counts, however, there was no difference between IgM-only memory B-lymphocyte counts at follow-up and at baseline. At baseline, patients had higher proportion of CD21low B-lymphocytes than controls but not at follow-up. We found no difference between baseline and follow-up in proportion of CD21low B-lymphocytes, but the absolute count was significantly higher at follow-up. In general, the absolute lymphocyte count was higher at follow-up than at baseline for all B-lymphocyte subsets except for plasmablasts and IgM-only memory B-lymphocytes.
We quantified circulating immunoglobulins, including IgG subtypes, in patients at baseline and at follow-up ( Table 2) . Concentration of IgA, IgM, total IgG and IgG1, IgG2 and IgG3 subtypes were higher at baseline than at follow-up. A lower concentration of IgG4 was found at baseline than at follow-up. At follow-up, 7 of 24 (29%) patients who were available for follow-up had concentration below reference limit of at least one type or subtype of immunoglobulin. All of these seven patients had normal absolute counts of B-lymphocytes at follow-up (Supplementary Table S2 ). We found no correlation between relative or absolute B-lymphocyte count and any type or subtype of immunoglobulin at baseline or follow-up, or with somatic hypermutation at baseline (data not shown). Somatic hypermutation was evaluated in patients at baseline. Only 1 (3%) had a proportion below the lower reference limit applied in our laboratory.
Higher fraction of γδ T-lymphocyte receptors in patients than controls. Data from flow cytometry analysis of T-lymphocyte subsets are presented in Table 2 and Figs 3-5. There was no difference in the proportion of T-lymphocytes between patients and controls at baseline (67.6% (63.6-72.6) versus 67.3% (62.2-74.1), P = 0.67) or at follow-up (64.0% (57.1-68.5), P = 0.08). We found no difference in the absolute T-lymphocyte count in patients between baseline and follow-up (1.2 (0.91.6) * 10 9 cells/l versus 1.1 (0.9-1.4) * 10 9 cells/l). Patients had a higher proportion of γδ T-lymphocyte receptors (TCRγδ) relative to αβ T-lymphocyte receptors than controls, and this was consistent at follow-up (P = 0.006 and P = 0.003) (Fig. 5) . We found no difference between baseline and follow-up in proportion or absolute level of TCRγδ T-lymphocytes.
Activated, exhausted T-lymphocyte compartment at baseline. At baseline, patients had a higher proportion of effector memory CD8 T-lymphocytes, a higher proportion of activated CD4 and CD8 T-lymphocytes and a higher proportion of activated exhausted CD4 and CD8 T-lymphocytes than controls (Figs 3 and 4) . For these populations, differences from controls were reversible at follow-up, with the exception of activated CD4 T-lymphocytes that remained significantly higher in patients than controls at follow-up. In accordance with this, the proportion and absolute levels of activated CD8 and activated exhausted CD4 and CD8 T-lymphocytes was higher at baseline than at follow-up. Patients had a lower proportion of CD8 Tc17 T-lymphocytes than controls, and this difference was not found at follow-up. At baseline, the proportion of both recent thymic emigrants and Th17 T-lymphocytes was lower than at follow-up (Fig. 3) , however, we found no difference between baseline and follow-up in the absolute cell count ( Table 2 ). In proportions of CD4, CD8, memory CD4, memory CD4/CD8, recent thymic emigrants, naïve CD4/8, CD4 effector memory, CD4/CD8 central memory and Th17 T-lymphocytes we found no differences between patients and controls at baseline or follow-up (Figs 3 and 4) . In vitro CD4 T-lymphocyte proliferation after CD3/CD2/ CD28 cross-linking was evaluated in patients at baseline. Only 1 patient (3%) had a proportion below the lower reference limit applied in our laboratory, and for this patient, results bordered on normal ( Table 2) .
Discussion
In this prospective study, we evaluate B and T-lymphocyte subsets in patients with AIS at diagnosis and 3 months after antibacterial treatment. To our knowledge, there are no prior studies of the immune system in patients with AIS or osteomyelitis, although there are casuistic reports of rare cases leading to evaluation of immunologic status [11] [12] [13] and in chronic osteomyelitis, studies have dealt with the interaction between immunological cells, bone resorption and treatment effect [14] [15] [16] [17] [18] . We demonstrated a significant deficiency of B-lymphocytes in patients with AIS. This B-lymphocyte deficiency was only partly reversible, and 3 months after cessation of antibiotic treatment 27% of patients had absolute B-lymphocyte count below threshold. Absolute total lymphocyte and T-lymphocyte counts were comparable to controls. However, the T-lymphocyte compartment in patients had a higher degree of TCRγδ T-lymphocytes than in controls. Not surprisingly, at baseline we found evidence of immune activation and exhaustion in both B and T-lymphocyte compartments.
B-lymphocyte depletion could be caused by lack of production, increase of turnover, compartmentalization or a combination. Lymphopenia in relation to prolonged infection is well described. Immunosuppression is a hallmark of sepsis, and depletion of both B and T-lymphocytes has been reported to be associated with duration of infection and predict early and late mortality [19] [20] [21] . One study examined the spleens of septic patients and reported a profound loss of both B and CD4+ T-lymphocytes associated with general lymphopenia 22 . However, although sepsis is an excellent model for generalized inflammation, there are significant differences complicating the direct translation to localized infection. Among these, ischemia/reperfusion injury in sepsis, a possible cause of increased apoptosis, is not commonly reported in AIS 22 . This is supported by our findings of normal absolute levels of lymphocytes and CD4+ and CD8+ T-lymphocytes, isolating the deficiency to the B-lymphocyte compartment. B-lymphocyte dynamics in bacterial, fungal and viral infection have recently been revised, finding similarities in immunologic dysfunction in infection with Plasmodium falciparum or vivax, Schistosomia haematobium, TB, HIV-1 and Hepatitis B and C virus 23 . B-lymphocyte subsets, including marginal zone and naïve B-lymphocytes, have been shown to decrease as a response to these clinically very distinct infections. We found lower levels of marginal zone B-lymphocytes both at baseline and follow-up. Marginal zone dysfunction has also been linked to age related immune dysfunction predisposing to bacterial infection 23 . While the relative frequency of marginal zone B-lymphocytes is too small to account for the general B-lymphocyte deficit, it could reflect a general dysfunction in this population of patients related to age.
Decline in adaptive immune function in elderly patients is well documented [24] [25] [26] . Age related immunologic changes include loss of recent thymic emigrants and T-lymphocyte repertoire, poor T-lymphocyte helper function for B-lymphocytes and gradual decrease of the B-lymphocyte pool accompanied by overall increase of low-affinity antibodies and decrease in humoral response to infection 25, 27 . We found a negative association between age and relative B-lymphocyte count, indicating that age would seem to impact the B-lymphocyte depletion in these patients. Further studies would be needed to clarify if these results reflect a dysfunctional immunologic response to invasive, prolonged infection in an aging, comorbid population.
We found elevated levels of immunoglobulins at baseline compared to follow-up, and normal somatic hypermutation in circulating B-lymphocytes. However, we did not find the absolute number of plasmablasts to be elevated in baseline compared to follow-up and the number of B-lymphocytes in general was low. B-lymphocytes are thought to compartmentalize in the peripheral lymphoid organs, and plasmablasts migrate to the bone marrow . It is possible, that the discrepancy between immunoglobulins and plasmablasts at least in part reflects compartmentalization of the B-lymphocyte subsets.
We found a higher proportion of activated CD4+ T-lymphocytes relative to controls at both baseline and follow-up. Interestingly, we found no difference between baseline and follow-up for neither proportion or absolute number of activated CD4+ T-lymphocytes, as would perhaps be expected. Proliferation in response to stimulation of CD4+ T-lymphocytes was normal in all but one patient at baseline. These results could be explained by several factors. It is recognized that the systemic response to an invading pathogen induces both pro-and anti-inflammatory responses, although the timing of the related immunosuppression and its effect on specific subsets remains poorly characterized in humans 29 . Thus, the lack of increased absolute levels of activated CD4+ T-lymphocytes at baseline could be caused by a general anti-inflammatory response. Furthermore, as we found a difference in proportion relative to healthy controls, the lack of difference between baseline and follow-up could in part reflect immune activation that has not subsided significantly 3 months post treatment cessation.
Interestingly, we found patient T-lymphocytes to display a TCRγδ more often than controls, and this was persistent through follow-up. A high proportion of circulating TCRγδ T-lymphocytes could reflect a preexisting condition explaining an inherent vulnerability to bone infection, or the immunologic response to infection of the bone tissue compartment. The TCRγδ T-lymphocytes are a unique subset of lymphocytes normally comprising 1-10% of circulating T-lymphocytes. While their role in host defense against infections remains to be fully elucidated, distinct features have been described, including anatomical compartmentalization in tissues and specific effector functions in both the early and late phase of immune responses. The latter includes regulation of B-lymphocytes and stromal cell function via insulin-like growth factor 1 30 . TCRγδ T-lymphocytes have been found disproportionately responsive to distinct infections, including CMV, TB, Human Immunodeficiency Virus and Plasmodium falciparum, and TCRγδ T-lymphocyte deficiency has been shown to increase susceptibility to a range of bacterial infections 31, 32 . Interestingly, one recent study found that TCRγδ T-lymphocytes were the major source of IL-17A in bone injury, promoting osteoblastogenesis and bone regeneration 32 . It is possible, that the 
Limitations
There are several important limitations to this study. Our study design limits conclusions on cause and effect, as ideally, evaluation of the immune system should precede diagnosis of AIS. S. aureus was identified in 9 (40%) of all cases, while this number is generally reported to be around 60% 1 . We included patients consecutively from one tertiary and 4 secondary admission hospitals. It is possible that this reflects a bias in our cohort. Furthermore, follow-up was performed a minimum of three months after cessation of antibiotic treatment to allow for immune reconstitution. However, data on kinetics in immune cell subsets after prolonged (bone) infection is not available and three months might be too early to account for full immune reconstitution 33 . Thus, the results of this study could well reflect prolonged effects of infection on the immune system, rather than a preexisting condition prior to AIS 34 . Patients and controls likely differed in degree of comorbidities, life style and nutritional status, complicating interpretation of the results 35 . Thus, the findings of this study must be viewed cautiously.
Conclusion
In conclusion, this study is the first to provide a detailed insight into the status of the immune system during and after AIS. Identification of immune dysfunction related to AIS may allow for future targeted therapeutic interventions to restore host immunity. Further studies are warranted to elucidate links between host immune response, long term immune dysfunction, bone healing, and clinical outcome in AIS. Inclusion criteria were primary AIS verified by magnetic resonance imaging (MRI) 36 . Patients with spondylodiscitis secondary to spinal procedures were not included. Whole blood was drawn at inclusion and three months after last treatment with antibiotic. In case of surgical intervention at time of inclusion, blood analysis at baseline was postponed for 2 weeks to avoid immune modulation caused by the surgical procedure. Control material from healthy blood donors was drawn on the day of patient baseline analyses and selected to match for age and gender.
Methods
Flow cytometric analyses of T and B-lymphocytes were performed in patients and controls. Quantitation of lymphocytes, immunoglobulins and serum level of mannose binding lectin (MBL) as well as MBL genetic variants and level of somatic hypermutation was analysed only in patients. These are routine analyses in our laboratory with available reference material. Eight-colour flow cytometry. Peripheral blood mononuclear cells (PBMC) were isolated from venous blood using density gradient centrifugation by Lymphoprep TM (Axis Sheild, Oslo, Norway), and analysed immediately. PBMCs were stained with antibody combinations identifying T and B-lymphocyte subsets. Overview of flow cytometry panels is available as Supplementary Table S3 . Eight-colour flow cytometric immunophenotyping was performed using a FACSCanto II (BD Biosciences, San Jose, California, USA). Data were analysed in Diva software (BD Biosciences, San Jose, California, USA). Viable lymphocytes were gated based on forward and side scatter plots of propidium-iodide staining. Subpopulations where gated using strategy as outlined in Supplementary Table S1 and Figs S1-S2, a modified version of strategies described in detail in [37] [38] [39] . Absolute cell counts were calculated in patients by combining flow cytometric proportions and lymphocyte count by a haematology automated analyser. Total lymphocyte count was not performed in controls.
Somatic hypermutation and CD4+ T-lymphocyte stimulation. As a measurement for affinity maturation of antibodies, somatic hypermutation (SHM) was measured in kappa light-chain gene transcripts of the rearranged immunoglobulin genes using a VkappaA27-specific restriction enzyme-based hot-spot mutation assay (IgkappaREHMA) as previously described 40 . The proliferative capacity of CD4 T-lymphocytes was assessed in vitro by stimulating mononuclear cells labelled with carboxyfluorescein succinimidyl ester (CFSE) with anti-CD3/CD2/CD28 coated beads at 37 °C for 4 days. Subsequently, the cells were stained with fluorochrome-conjugated anti-CD4-antibodies and the CD4+ T-lymphocyte proliferation was measured by flow cytometry as dilution of CFSE during cell division. The percentage of proliferating CD4+ T-lymphocytes was recorded as the percentage of the mean proliferation in samples from two healthy controls run simultaneously with the patient sample. In our laboratory, results above 85% are considered within normal range.
Immunoglobulins and mannose-binding lectin. Plasma concentrations of immunoglobulin (Ig) classes (M, A and G) and IgG subclasses were analyzed at Statens Serum Institute, Copenhagen, Denmark, using standardized assays. Mannose-binding lectin (MBL) serum concentrations were determined as described previously 41 .
Clinical data. Clinical data, including date of onset of symptoms, date of admission, treatment protocol, treatment outcome, comorbidities, medical treatment one month prior to admission, results of sedimentation rate (SR), C-reactive protein (CRP), haemoglobin, white blood cell count, lymphocyte count, neutrophil count and monocyte count at diagnosis as well as results from 16s-PCR and culture of blood or biopsy samples and serologic test for Human Immunodeficiency Virus (HIV), were collected from patient records. Date of diagnosis was defined as date of MRI confirming diagnosis.
Statistics.
As data remained skewed after transformation, non-parametric statistics were performed throughout. The Wilcoxon matched-pair signed-rank test and Mann-Whitney U test were used, as appropriate. Unless otherwise stated, data are reported in median (IQR). Analyses were performed with the statistical software package R, version 3.3.2.
